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experimental studies so far [5] [6] [7] [8] [9] [10] , a consensus is still lacking as to which mechanism is mainly responsible.
In magnetic insulator (MI)/HM heterostructures, the situation is very different.
Conduction electrons in the HM layer do not enter the MI layer; therefore, the s-d exchange and consequently spin angular momentum transfer occurs right at the interface. The spin current generated by SHE in the HM layer transmits through the interface which is quantitatively described by the spin-mixing conductance [17] , and as a result produces the same form of DLT and FLT as in the metallic FM/HM heterostructures. In the meantime, the spin current transmission through the interface is connected to the transport phenomena in the HM layer such as the spin Hall-induced anomalous Hall effect (SH-AHE) and spin-Hall magnetoresistance (SMR) [18] [19] [20] [21] . Therefore, the same complex spin-mixing conductance links both SOTs and SH-AHE/SMR, if only the bulk spin current is present [18, 19, 22] . The bulk SHE theory leads to the following relations between the effective fields, i.e. and for the corresponding FLT and DLT, and the magnitude of SH-AHE and SMR, i.e., ∝ , and the spin torque efficiency for FLT determined from the SOT measurements is much larger than the estimated value from the SH-AHE. These large discrepancies suggest that the bulk SHE model grossly underestimates FLT and interfacial effects must be considered.
We grow TIG films on single crystalline Nd 3 Ga 5 O 12 (111) substrates using pulsed laser deposition. Growth details can be found in our previous work [16] . The lattice-mismatch induced tensile strain and negative magneto-crystalline anisotropy coefficient [27] in TIG drive its magnetization perpendicular to the film plane, which is directly characterized by vibrating sample magnetometry and further confirmed by the squared out-of-plane anomalous Hall hysteresis loops in TIG/Pt. In this work, TIG films with thickness of 3.2, 4.8, 6.4 and 9.4 nm are prepared followed by the deposition of 4-nm-thick Pt films by sputtering (the stack structure is shown in the inset of Fig. 1(b) ). For transport measurements, the TIG/Pt heterostructures are patterned into Hall bars (as depicted in Fig. 1 (a) and the inset of Fig. 1 (b)) using standard photolithography and dry etching. We measure both longitudinal and transverse resistances using a DC current with an amplitude of 2.0 mA, and the harmonic Hall signals using an alternating current (AC) with a frequency of 13.117 Hz. All measurements are performed at room temperature. We have carried out magneto-transport measurements on all four samples, but here we primarily present the results from TIG(4.8 nm)/Pt(4 nm) heterostructure to demonstrate detailed analysis. It is worth mentioning that we have observed SOT-induced magnetization switching in all devices (see SM [23] ), but in this Letter we only focus on testing the validity of the bulk SHE mechanism for SMR and SOTs.
First, we show magneto-transport measurements in TIG/Pt. In Fig. 1(b) , the sharp squared Hall loop clearly indicates robust PMA of the TIG film. The magnitude of the anomalous Hall resistivity is ∆ ℎ = 1.45 Ω * cm. For the planar Hall measurements, the Hall signal is recorded as a function of , the azimuthal angle of an in-plane magnetic field with constant strength larger than the perpendicular anisotropic field. As shown in Fig. 1(c) , by fitting the planar Hall resistivity using a (2 ) function, the planar Hall resistivity modulation is extracted to be ∆ = 23.54 Ω * cm. We also measure the longitudinal MR as a function of an in-plane magnetic field oriented in different directions. During the field sweeping from 0 to ±1 T, the TIG magnetization rotates from out-of-plane to in-plane. As summarized in Fig. 1(d) , when the field is in the y-direction ( = 90 ), the MR is much larger than when the field is in the x-direction ( = 0 ). This indicates the dominance of the SMR over the anisotropic magnetoresistance; therefore, the planar Hall resistivity ∆ should just be approximately equal to ∆ . Indeed, we find that ∆ ⁄ ≈ ∆ ⁄ = 5.0 × 10 −4 . When the field is applied at = 45 and 135 , the MR is about an half of that in the x-or y-axis, which is expected from the 2 -dependence. It is important to note that ∆ is 16.2 times larger than ∆ ℎ .
Next we turn to the experimental determination of the effective fields of DLT and FLT using harmonic Hall measurements. This method has been widely used to extract the value of and in FM metal/HM bilayers [7, [28] [29] [30] correspond to the FLT and Oersted field contributions, respectively. As shown in Fig. 2(b Apart from comparing the two ratios, we also examine the spin torque efficiency for both DLT and FLT. On one hand, the spin torque efficiency of DLT and FLT can be determined from the harmonic Hall measurements, i.e. ( ) = 2 ℏ 0 ( ) [30, [38] [39] [40] , where and are the effective thickness and saturation magnetization of the FM layer. These two efficiencies are found to be = 0.058 and = 0.0077 for TIG(3.2 nm)/Pt (4 nm) heterostructure. On the other hand, they can also be estimated from measured SMR and SH-AHE: These two outstanding discrepancies highlight the deficiency of the bulk SHE model for angular momentum transfer in MI/HM heterostructures. In particular, the bulk SHE alone fails to account for the observed large magnitude of the FLT efficiency, which suggests that this picture neglects some essential ingredients. Since the bulk SHE model only considers the spin current generation, diffusion, and drift in the HM layer, the MI/HM interfacial effects are not included [41] . The Rashba effect from broken inversion symmetry at interfaces is the first candidate. In fact, this effect was first proposed for asymmetric film structures and shortly observed in Pt/CoFeB/AlO x [42] . An in-plane effective Rashba field as large as 3-10 kOe was estimated from the experimental data [4] . The presence of this effect can in principle significantly contribute to the effective FLT efficiency. A second possibility is the magnetic proximity effect at the MI/HM interface. It is known that Pt is prone to be magnetized by proximity coupling. Just as in the metallic FM/HM systems that have larger FLT [42] , the induced ferromagnetism at the interface resembles a metallic FM/HM bilayer inserted in the MI/HM heterostructure and therefore likely adopts higher FLT efficiency of the FM/HM system. Above all, both interfacial effects can possibly lead to a significantly stronger FLT as well as breakdown of Eq. (1).
In summary, we have quantitatively examined the validity of the bulk SHE model for SMR and SOTs in TIG/Pt heterostructures and found that the ratio between effective fields of FLT ( ) and DLT ( ) is at least two times larger than the ratio between SH-AHE and SMR.
In addition, the model greatly underestimates FLT efficiency relative to DLT. These significant discrepancies suggest that interfacial mechanisms such as the Rashba effect and magnetic proximity effect play a more important role in generating larger FLT.
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